The idea that dark matter could be made of stable relics of microscopic black holes is not new. In this article, we revisit this hypothesis, focusing on the creation of black holes by the scattering of trans-planckian particles in the early universe. The only new physics required -and this can even be questioned -in this approach is an unusually high energy scale for inflation. We show that dark matter emerges naturally and we study the question of fine-tuning. We finally give some lines of thoughts for a possible detection.
INTRODUCTION
Dark matter is a very old problem. On the experimental side, it is being actively searched for, by direct detection (see, e.g., [1] [2] [3] for reviews), by indirect detection (see, e.g., [4] [5] [6] for reviews), and by accelerator production (see, e.g., [7, 8] for reviews). Many "little anomalies" are known, from the Fermi excess of GeV gamma-rays [9] to the PAMELA and AMS-02 over-abundance of positrons [10] [11] [12] . All of them can however be quite simply accounted for by conventional astrophysical processes and at this stage no clear signal for non-baryonic dark matter has been non-ambiguously recorded.
On the theoretical side, many hypotheses are being considered. They are actually too numerous to be exhaustively mentioned here (see, e.g., [13] for an introductory review). From supersymmetry [14] to axions [15] , most of them imply some amount of "new physics". Recent developments even include an impressive list of highly speculative hypotheses.
Obviously, estimating the "exoticity" of a model is quite subjective. In this brief article, we revisit the idea of dark matter made of Planck relics and we argue that this scenario might be much less exotic than most models. The only non-standard hypothesis is a higher than usual reheating temperature.
TRANS-PLANCKIAN SCATTERING
Most studies considering primordial black holes (PBHs) are relying on production mechanisms that involve the collapse of overdense regions (see, e.g., [16] for an early detailed calculation, [17, 18] for studies of phase transitions, and [19, 20] for reviews). Those scenarios are however very unlikely as the density contrast required to form a PBH is close to one whereas the primordial power spectrum measured in the cosmological microwave background (CMB) has a much lower normalisation. This bound could have been circumvented by a blue power spectrum as the scales involved in the formation of PBHs are much smaller than those probed by the CMB. The actual spectrum however happens to be red (n s ≈ 0.965) [21] , making the production of primordial black holes by "historical" mechanisms very difficult. Other scenarios like the collapse of cosmic strings where also considered [22] but they are also disfavored -if not ruled out -by recent measurements.
Nevertheless, there exist a very different way to produce small black holes, namely through the scattering of trans-planckian particles. As initially argued in [23] , when the impact parameter is smaller than the Schwarzschild radius (associated with the considered center-of-mass energy of a particle collision), the cross section for the scattering of trans-planckian particles is dominated by an inelastic process leading to the formation of a single black hole. The key-point is that the main features of high energy scattering above the Planck energy can be studied from semiclassical considerations in general relativity (GR) and are therefore reliable. In [24] , the study was refined and it was also concluded that the cross section for black hole production should be of the order of σ(s) = F (s)πR 2 S (s) with F (s) a factor of order one, √ s the center of mass energy, and R S the Schwarzschild radius. The details obviously depend on the considered quantum gravity theory but the main features are basically model-independent.
Those ideas were applied to the possible production and observation of microscopic black holes at colliders (see, e.g., [24] [25] [26] [27] for early works) in theories with a low Planck scale -typically in the TeV range (usually associated with the existence of large extra-dimensions [28] or with many new particle species [29] ). A nice review including astrophysical effects, like those mentioned in [30] , can be found in [31] . In this article, we do not rely on the existence of extra-dimensions and we do not assume a low Planck scale. [32] is vanishingly small for astrophysical black holes but becomes significant for very small black holes. The mass loss rate during the evaporation is proportional to M −2 and the process is therefore highly explosive. In itself, the evaporation mechanism is well understood from many different perspectives and is very consensual (see, e.g., [33] for a simple introduction). Although it has not been observationally confirmed, there are indications that it might have been revealed in analog systems [34] .
The status of the endpoint of the evaporation process is less clear. Obviously, the semi-classical treatment breaks down in the last stages and the divergence of the temperature together with the appearance of a naked singularity are non-physical. Many different arguments have been pushed forward in favor of the existence of stable Planck relics at the end of the evaporation process (see [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] to mention only a few historical references, among many others). There are excellent arguments from quantum gravity, string gravity or modified gravity theories in favor or remnants. Those are however obviously based on "new physics". One of the best argument for Planck relics using only known physics was given by Giddings in [49] . Locality, causality and energy conservation considered within the information paradox framework (see, e.g., the first sections of [50] for a precise description) do suggest that the time scale for the final decay of BHs is larger than the age of the Universe.
Although no clear consensus does exist on the status of BHs at the end of the evaporation process, it is fair to suggest that the existence of relics is somehow simpler from the viewpoint of usual physics. A recent review on the pros and cons of stable remnants can be found in [51] . It is concluded that if relics contain a large interior geometry -which is supported by [52, 53] -, they help solving the information loss paradox and the firewall controversy.
REHEATING SCALE
The idea that dark matter could be made of Planck relics was first suggested in [54] . This seminal work was however focused on PBHs formed by the collapse of overdense regions (or similar mechanisms), which is now believed to be extremely unlikely as previously pointed out. We focus here on the possibility that PBHs are formed by the collision of trans-plankian particles in the early Universe. This has already been considered in [55] and in [56, 57] (see also references therein) for the case with extra-dimensions.
In this work, we won't assume a lower than usual Planck scale due to extra-dimensions. We quite simply consider the standard cosmological scenario in a (3+1)-dimensional spacetime and just take into account the "tail" of trans-planckian particules at the reheating time. The key-point lies in the fact that the potentially produced relics will behave non-relativistically and will therefore be much less diluted (their energy density scaling as a −3 ) than the surrounding radiation (whose energy density scales as a −4 ). Hence, it is possible to reach a density of relics (normalized to the critical density) close to one, Ω rel ≡ ρ rel /ρ cr ≈ 1, with only a tiny fraction of relics at the formation time. The relative "amplification" of the relics density compared to the radiation density between the reheating and the equilibrium times is given by T RH /T eq ≈ 3 × 10 27 T RH when T RH is given in Planck units. To fix ideas, for a reheating temperature at the GUT scale, a relics fraction of only 10 −24 at the formation time would be enough to nearly close the Universe at the equilibrium time.
For a thermal distribution of particles at temperature T , the number of particles above E th > T is exponentially suppressed. This is why, even with the amplification factor given above, the scenario presented here requires a reheating temperature not much below the Planck scale. This constitutes, in our view, the only "non-standard" input of this model. The Planck experiment final results lead to an upper limit on the tensor-to-scalar ratio of primordial perturbations r < 0.1 [58] which is even tightened to r < 0.064 by combining the data with the BI-CEP2/Keck Array BK14 measurements. This is usually interpreted as an upper limit on the energy scale of inflation around the GUT scale (the higher the energy scale, the larger the amount of tensor modes), which is too low for the process considered here. There are however at least two ways to circumvent this bound (we assume for simplicity a sudden reheating).
The first one consists in noticing that the upper limit on the energy scale of inflation holds firmly only for rudimentary models. In k−inflation [59] , the relation ba-
where n t is the tensor index and C S < 1 is the speed of sound for perturbations. This relaxes the bound. In 2-field inflation [60] , the upper limit is also relaxed to r = −8n t sin 2 (θ), where θ accounts for the possible evolution of adiabatic scalar modes on super-Hubble scales. In multi-field inflation the relation between r and n T even becomes an inequality.
A second and probably more provocative argument would be the following. Whereas temperature anisotropies originate from usual quantum physics, namely from the quantum fluctuations of the inflaton field, the tensor perturbations leading to B-modes in the CMB should come from the quantum fluctuations of the polarisation modes of the graviton. In a sense (and although some counter-examples have been constructed but for "artificial" models), B-modes would be a signature of perturbative quantum gravity (dimensional arguments are given in [61] ). Quantum gravity is a fascinating area of research but it has still no connection with experiments and assuming gravity not to be quantized is also legitimate, especially when considering how difficult and paradoxical is the quantization of the gravitational field [62] . It is therefore meaningful to consider the possibility that no B-mode is produced, even with a very high energy scale for inflation, just because gravity might not be quantum in nature (this would also raise many consistency questions but this is obviously worth being considered, as advocated in [63, 64] ). In such a case, the usual upper bound could also be ignored.
We do not mean that a higher than usual energy scale for inflation is unavoidable or even favored. We simply state that this is not ruled out and, in our opinion, less "exotic" than most assumptions required for usual DM candidates. From a certain viewpoint, it might even be seen as quite natural.
DARK MATTER ABUNDANCE
The threshold energy E t to produce a BH in a head on collision of particles is expected to be of the order of the Planck energy but, depending on the details of the considered model, might be slightly different and we keep it as a free parameter. To estimate the number density of particles above E t , one simply needs to integrate the thermal distribution, which leads to
where we use Planck units (as everywhere in this work except otherwise specified). Obviously, if the reheating temperature is too small when compared to the threshold energy of BH production, the number of PBHs will be exponentially suppressed and the process will be inefficient. The cross section in principle depends on the energy of the collision but, as a fist step, can be assumed to be a constant σ BH above the threshold. The collision rate is therefore given by Γ = n part σ BH v ≈ n part σ BH . The energy density of radiation is
with g * the total number of effectively massless degrees of freedom, that is species with masses m i T RH . The Hubble parameter is
If relics are assumed to have a mass m rel (necessarily lower than E th ), the energy density of relics will be given by
The relative density of relics at the formation time is
leading, in agreement with [57] , to a relative density at the equilibrium time of
Let us first first assume that the cross section is of order one in Planck units (σ ∼ A P l ) above the threshold and that the mass of the relics is also of order one in Planck units (m rel ∼ m P l ). In Fig 1, the relative abundance of relics at the equilibrium time is plotted at the function of the reheating temperature. Figure 2 is a zoom on the relevant region. For a reheating temperature slightly above 10 −2 , one is led to a density of relics that can account for dark matter.
Although the influence is negligible, from now on we use the cross section σ(s) = F (s)πR 2 S (s), where R S = 2s. We set F = 1 above the threshold but the dependency being linear it is easy to extrapolate to any reasonable value. In Fig. 3 , we show the influence of the threshold energy. The influence of the threshold energy is -as expected -very large. Interestingly, if non-perturbative effects were to lower the threshold by one order of magnitude with respect to the expected value, a reheating temperature around the GUT scale would be enough to produce the required density of remnants. 
THE FINE-TUNING ISSUE
The model presented here seems to require a high level of fine-tuning. In particular, as the dependency uppon the reheating temperature is exponential, varying slightly its value leads to a large variation in the density of relics. The question of fine-tuning is however tricky. The fact that if the laws of physics were different, the World would then be different is not in itself a problem. Nor is the fact that our history is contingent and full of highly improbable events. The collision of the Earth with a meteorite 65 millions years ago, leading to the extinction of dinosaurs and making our own existence possible, has a nearly vanishing a priori probability and this obviously does not invalidate any biological or astronomical model. Let us state is otherwise. If one plays a huge roulette with one billion squares, the a priori probability of any result is very small. And there is nothing strange in observing the system indeed selecting a square with a probability of 10 −9 . However, if there is only one green square, which is somehow "objectively" different from the others, and if the system selects this specific one in just one roll, then there is an issue. It is important that the specificity is defined a priori because a posteriori everything might seem very specific, including the existence of human beings, leading to a highly biased conception of "naturality".
In the cosmological framework, the value Ω = 1 (with Ω the total density normalised to the critical density) can be considered as the green square. It is a very special value associated with a very particular physical behavior of the Universe. The question is not to know whether a different reheating temperature would leador not -to a different state of the Universe. The answer is obviously yes. In this model, this would change the relative density of relics and therefore the equilibrium time, etc. There is nothing wrong with this. The questions is to know if a different value of the contingent parameters would lead to a departure from the specific value Ω = 1. The answer turns out to be negative. As very well known, inflation fixes a vanishing (or nearly so) curvature. Basically, as (Ω −1 − 1) = − 3k 8πρa 2 with ρ remaining constant and the scale factor increasing by at least 60 e-folds, Ω is fixed (close) to 1 at the end of inflation. There is nothing magical here as Ω involves a normalisation to the critical density which, itself, depends on the Hubble parameter. If the content of the Universe were different, we would still have Ω = 1, with simply a different expansion rate.
Another fine-tuning question is related to the "why now" question. Why is the dark energy density comparable to the matter density basically now ? This is mostly a dark energy problem, not a dark matter problem. Should the dark matter be much less abundant than its actual value, dark energy would still dominate at a comparable time in the history of the Universe. Furthermore, as noticed in [65] , this coincidence is highly dependent on the way it is considered and expressed. Finally, one might focus on the reason why dark matter and visible matter have roughly the same density. First, there is more than one order of magnitude of difference between both densities. Second, this question is mostly a kind of "numerology" issue and not a real strangeness from a bayesian point of view. It is somehow like asking why the electron to proton mass ratio is what it is. The observed ratio of dark matter over visible matter does not correspond an a priori specific value. It is a bit paradoxical that, in contemporary theoretical physics, both ratios close to one and very different from one, appear as "unnatural". The fine-tuning issue should be raised with care. DETECTABILITY Testing this model is challenging. A Planck relic has the weight of a grain of dust and no other interaction than gravity to reveal itself to the outer World. Even though the Planck mass is very small from the gravitational viewpoint, it is very large from the particle physics viewpoint. The number density of relics is therefore extremely small, even if they are to account for all the dark matter. A density of 10 −18 relics par cubic meter -that is one relic per volume of a million times the one of planet Earth -is enough to close the universe. Detection seems hopeless. The cross-section (or greybody factor) hopefully does not tend to zero for the absorption of fermions in the low-energy limit [66] . However, even avoiding this catastrophic suppression (which does exist for higher spins), the area involved is of the order of the Planck one, 10 −66 cm 2 , which indeed makes direct detection impossible in practice.
We consider here another possibility associated with the coalescences of relics that have occurred during the history of the Universe. Contrarily to what is sometimes done for PBHs we shall not focus on the emission of gravitational waves whose amplitude would be negligible and frequency way too high for any detector. However, something else is also expected to happen in this model. When two remnants merge, a higher-mass black hole is formed and evaporates until it reaches again m rel ∼ m P l assumed to be the minimal one. This should happen preferably via the emission of one (or a few) quantum close to the Planck energy.
Each merging should therefore emit about a Planck-energy particle which is in principle detectable. This sketch should of course be refined but the hypothesis is realistic enough to investigate whether this path is potentially fruitful.
We estimate the merging rate following [67] , which builds on [68] . It is not hard to show that the probability of coalescence in the time interval (t, t + dt) is given by
where T ≡x 4 3 170 
being the mean separation of relics at the equilibrium time. In the previous formula, we have reinserted the constants to make the use easier. The event rate is then given by
This is of the order of 10 −45 m −3 s −1 . It is then straightforward to estimate the measured flux on a detector of surface S d and solid angle acceptance Ω acc , integrated up to a distance R max :
Although it is well known that TeV photons are absorbed by interactions with the infrared background and PeV photons by interactions with the cosmological microwave background (CMB) photons, there is no strong absorption to be expected for Planck-energy photons. The wavelength of the background photons that would lead to a center-of-mass energy close to the electron mass is way larger than any expected background. The R max value can therefore be assumed to be much larger than for usual high energy cosmic-ray estimations. For detectors like Auger [69] , the expected flux is too small for a detection. For Euso-like instruments [70] -looking at the atmosphere form the space station -we are led to an order of magnitude not far from a fraction of an event per year. For speculative ideas about using giant planets as cosmic-ray detectors [71] , we reach a dozen of events per year. This is obviously a hard task but, interestingly, the model is clearly not unfalsifiable.
CONCLUSION
The idea that dark matter could be made of Planck relics is not new. Nor it the possibility that black holes could be formed by the scattering of trans-planckian particles in the early universe. In this article we have gathered all the ingredients and argued that the resulting model is not (that) exotic. Unquestionably, the very high reheating temperature required raises questions. We have however explained that the upper bounds usually considered can be circumvented. Still, building a consistent cosmological model with such a high scale for inflation is not trivial and should be considered as a challenge.
There is no obvious solution to the dark matter problem, which is one of the oldest enigmas of contemporary cosmology. The scenario suggested here is based on a minimum amount of "new physics", if not only on known physics. It requires a quite unusual cosmological behavior but no new particle physics input is needed. From this point of view, it might be worth being considered seriously.
